Aim The aims of this study were: (1) to identify global communities of tuna and billfish species through quantitative statistical analyses of global fisheries data; (2) to describe the spatial distribution, main environmental drivers and species composition of each community detected; and (3) to determine whether the spatial distribution of each community could be linked to the environmental conditions that affect lower trophic levels by comparing the partitions identified in this study with Longhurst's biogeochemical provinces.
At the macroscale, one of the main goals of marine biogeography is to identify the spatial 3 distribution of marine organisms and biodiversity and explain it by elucidating the 4 relationship of abundance or species diversity with the environment (Lomolino et al., 2006) . 5
Of the many types of classifications that have been proposed, almost all are based on either 6 the physical structure of the global ocean, with respect to such parameters as temperature, 7 stratification and circulation (Emery & Meincke, 1986; Cushing, 1989) , or the spatial 8 distribution of marine organisms (Beklemishev, 1961; McGowan, 1971) . A distinctive swordfish (SWO), and striped marlin (MLS); see Table 1 ] were caught more frequently than 25 species that can be considered as longliner by-catch [skipjack tuna (SKJ), sailfish (SFA), 1 black marlin (BLM), blue marlin (BUM), and short-billed spearfish (SSP); see Table 1 ]. With 2 regard to species that were sampled less frequently, the spatial distribution derived from the 3 longline CPUE might be biased and might affect the next step of the numerical procedure (i.e. 4 the clustering method). In light of this possible bias, the spatial coverage of each species and 5 its contribution to the total CPUE were computed (Appendix S2) for each of the 11 grouped 6 species, taking into account the fact that Japanese and Taiwanese catches were analysed 7 separately. The species caught were ranked on the basis of their number as a proportion of the 8 total from matrix X (Fig. 1) . A level of 0.5% of the total CPUE (as in Soussi et al., 2001) was 9 used to separate the species into two groups (Appendix S2): (1) the dominant species, whose 10 relative contribution was greater than 0.5% and were found in more than 50% of the cells 11 ( six by the Taiwanese fleet), and (2) secondary species, whose relative contribution was less 13 than 0.5% and were found in less than 50% of the cells ( 2009) were appropriate for our methodology. Hence, different cut-off levels (Fig. 2 , cut-off 3 levels I to VI) were tested by a nonparametric methodology and examined visually as 4 recommended by Legendre & Legendre (1998) . After careful examination, we decided to use 5 six cut-off levels at a Bray-Curtis distance of 9.5, 8.5, 5.7, 4.3, 3.8 and 3.2, respectively (Fig.  6 2), because the resulting maps of the spatial distribution of ecoregions detected at each cut-off 7 levels provided a good compromise between global and local biogeochemical features. 8
9
Step 3: Probabilities that a geographical cell belongs to a given ecoregion 10 The probability that a given geographical cell (5° longitude × 5° latitude) belonged to a 11 particular ecoregion was computed using a simplified version of the multiple response 
23 24 where x is the vector of length p and represents the CPUE of the dominant species, R p,p is the 1 correlation matrix of the group G m,p (where m varies between groups), and G is the average 2 cluster condition inferred from G m,p (with m < n). The probability that a given geographical 3 cell belongs to each group G m,p , detected at each of the six cut-off levels according to the 4 spatial distribution of the CPUE of the matrix I, was calculated for each geographical cell (n = 5 1188) (see Fig. 3 , for cut-off level VI). Then, for each of the six cut-off levels, each 6 geographical cell was assigned to the group, or ecoregion, to which it has the greatest 7 likelihood of belonging at a given cut-off level (Fig. 1, step 4) . The results for each cut-off 8 level are mapped in Appendix S3, and summarized in Fig. 2 (cut-off levels II, V and VI) and 9
Fig. 4 (cut-off level VI). 10 11
Step 4: Calculation of the indicator value of each species and each group 12 Indicator species that characterized each ecoregion were determined using the indicator value 13 of Dufrêne & Legendre (1997) (Fig. 1, step 5 ). The indicator value is calculated by combining 14 measures of specificity and fidelity. The specificity A i,j is the ratio of the mean abundance of 15 species i in the geographical cells of group j (N i,j ) to the sum of the mean abundance of 16 species i in all the groups (N i ) : 17
The fidelity B i,j is the ratio of the number of geographical cells in group j where species i is 19 present (S i,j ) to the total number of pixels in this group (S j ): 20
The indicator value (V i,j ) is calculated by multiplying the specificity and fidelity indices, 22 because these two quantities represent independent information: 23
According to Rouyer et al. (2008) , the clustering of ecoregions must take into account the 2 differences in the behaviour of each fleet. In light of this recommendation, the species were 3 divided into two groups to account for differences in fishing techniques between the Japanese 4 and Taiwanese fleets. However, differences between fleets with respect to the distribution of 5 species are not consistent in the case of the analysis of species composition (Rouyer et al., 6 2008); hence, in our analysis, we considered information on both dominant and secondary 7 species for both Japanese and Taiwanese fleets (see Table 1 ). As a consequence, we 8 calculated the indicator value of Dufrêne & Legendre (1998) for 11 grouped species (see 9   Table 1 , code) and nine groups detected at cut-off level VI of the dendrogram. The results are 10 presented in Fig. 3 as radar plots. 11
12
Analysis 2: Characterization of the environment in each ecoregion 13
We used principal components analysis (PCA; Jolliffe, 1986) to characterize the 14 environmental conditions in all the ecoregions that were identified at the cut-off level VI of 15 the dendrogram (see Step 2). The values of the 12 selected environmental factors (see 16
Environmental data) were assigned to every geographical cell in each ecoregion and PCA 17 were performed on these 12 variables (see Appendix S1) for each ecoregion separately. The 18 environmental factors that contributed most to the first three principal components (PC) were 19 identified for each ecoregion and are shown in Fig. 4 . 20
21

Analysis 3: Comparison between the identified ecoregions and BGCP 22 23
Due to the fact that the separation of the oceans into BGCPs or ecoregions is semiquantitative 24 and given the differences in the spatial resolution of the two methods of partitioning, 25 inferential or exploratory statistical tests were not used. Instead, a homogeneity analysis was 1 conducted to compare the partitioning of the global ocean at cut-off level VI (Fig. 4 ) with the 2 BGCP described by Longhurst (1995) . The analysis quantifies the average homogeneity of a 3 referential partition (i.e. BGCPs) with respect to that of another one (i.e. detected ecoregions). 4
Here, the BGCPs determined by Longhurst were selected as reference partitions. Then, the 5 average homogeneity of each ecoregion was quantified relative to each province. 6
For each BGCP, the total number of geographical cells in the BGCP (at a resolution of 7 5° × 5°) was calculated first (Table 2 , number of cells). Then, the total number of 8 geographical cells for each ecoregion in each BGCP was calculated. The percentage of each 9 ecoregion that corresponded spatially to each BGCP was then determined [ Table 2 , ecoregion 10 (%)]. To quantify the global similarity between the two types of biogeographical partition, the 11 geographical cells in each ecoregion that were dominant in each BGCP were summed, then 12 divided by the total number of geographical cells studied (n = 1188). The resulting number 13 represents the average homogeneity of all the BGCPs represented in Fig. 4 . 14 15
RESULTS
17
Ecological partitioning of the world's oceans on the basis of tuna and billfish catches 18
The ecoregions defined at each of the six cut-off levels are presented in Fig. 2 Arabian and Indo-Pacific seas at cut-off level VI (at a distance of 3.2). Cut-off level VI also 5
showed that the oceanic subtropical gyres comprised two groups: one representing the 6 seasonal extension of the gyres and the other their core areas. The temperate ecoregion was 7 also identified at this level and comprised a cluster of cells that matched a small area in the 8
Western Australian continental shelf in addition to the temperate ecoregions of the ocean. 9 10 Probability of ecoregions identified at cut-off level VI and associated indicator species 11
Ecoregions 1 (Mexican coast), 5 (Temperate), 6 (Western Australian continental shelf), and 7 12 (Transition zone) showed monospecific dominance (Fig. 3) . In ecoregion 1 (Mexican coast), 13 the sailfish was the predominant species. This region was identified most clearly on the 14 Central Pacific-American continental shelf (Fig. 3) . Bluefin species dominated ecoregion 5 15 (Temperate), which was located from the temperate to the subpolar areas of the open ocean 16 and in some specific seas (the Java Sea, the Mediterranean Sea, and the Gulf of Mexico) (Fig.  17 3). Bluefin species also dominated ecoregion 6, which was located mainly over the Western 18
Australian continental shelf. Swordfish dominated ecoregion 7. This region extended over a 19 large area; it included the North Pacific transition zone and specific upwelling systems 20 (Humboldt, California). 21
The ecoregions that represented oceanic gyres and tropical oceans were characterized 22 by a more diverse group of species in which one or two species dominated (Fig. 3) . Ecoregion 23 3 corresponded to the extension zones of oceanic gyres and was dominated by albacore tuna 24 and swordfish. In contrast, ecoregion 4 was located in the core of the gyres, where albacore 25 tuna, together with striped marlin and swordfish, dominated. Ecoregion 8 (Tropical I) 1 corresponded to cells in which bigeye tuna and striped marlin were present, whereas 2 ecoregion 9 was dominated by yellowfin tuna, blue marlin, and, to a lesser extent, bigeye 3 tuna. The spatial distribution of ecoregion 2 (Indo-Pacific and Arabian Seas) was located 4 mainly in the Arabian Sea and Indo-Pacific seas (Fig. 3) . A highly diversified fish community 5 characterized this group and no single species was clearly predominant (Fig. 3) . 6 7 Environmental factors that characterized the identified regions 8 PCA was used to identify the main environmental factors (see Appendix S1) that 9 characterized each ecoregion at cut-off level VI (distance = 3.2). These factors are 10 summarized in Fig. 4 . 11
In the temperate ecoregion 5, the main characteristic environmental conditions were a 12 low sea surface temperature and a high concentration of oxygen at the surface, and, to a lesser 13 extent, a high concentration of chlorophyll a. The low sea surface temperature and high 14 concentration of oxygen at the surface contributed to PC1, which explained 45.65% of the 15 variance of the environmental matrix computed on the spatial distribution of ecoregion 5. The 16 mean chlorophyll a concentration and standard deviation contributed to PC2, which explained 17 13.92% of the total variance of the environmental matrix. These same main environmental 18 conditions were also detected in the transition zone ecoregion 7, which was located between 19 the temperate and gyre biomes (PC1: 46.45% and PC2: 16.33% of the total variance). 20
However, PC3 (12.86% of the total variance) showed a notable difference in that the standard 21 deviation of the chlorophyll concentration contributed more to PC3, due to there being a 22 greater degree of seasonal variation of the chlorophyll a concentration in this ecoregion than 23 in the temperate one. sea surface temperature, which contributed to PC1 for both ecoregions; (2) high salinity, 3 which contributed to PC1 for ecoregion 3 and PC3 for ecoregion 4; and (3) weak and deep 4 stratification of the water column, which contributed to PC2 for both ecoregions. In 5 ecoregions 3 and 4, PC1 contributed 32% and 33.7 % of the total variance, respectively; PC2 6 contributed 21.06% and 15.07% of the variance, respectively; and PC3 contributed 15.6% and 7 12.5% of the total variance, respectively. The analysis revealed that these two ecoregions 8
were differentiated by the fact that the seasonal extension regions of the gyres contained 9
higher concentrations of chlorophyll a than the core regions (chlorophyll a concentration 10 contributed to PC2 for both ecoregions). 11
The tropical ecoregions (ecoregions 8 and 9, Fig. 4 ) were both characterized by warm 12 sea surface temperatures, which contributed to PC3. PC3 accounted for 15.03% and 15.32% 13 of the total variance in ecoregions 8 and 9, respectively. However, ecoregion 8 (Tropical I) 14 was characterized mainly by strong stratification and a high velocity of oceanic currents 15 (PC1: 30.52% of the total variance), and a low concentration of dissolved oxygen at 100 m 16 (PC2: 22% of the total variance). In contrast, ecoregion 9 (Tropical II) was characterized 17 strongly by a high mean concentration of chlorophyll a and shallow thermocline (PC1: 18
36.56% of the total variance). 19
The three coastal ecoregions (i.e. the Mexican coast, the Indonesian and Arabian seas, 20 and the Western Australian continental shelf; ecoregions 1, 2, and 6, respectively) were 21 characterized mostly by sea surface temperature, nutrient concentration, and bathymetry. 22
Ecoregion 1 was characterized by shallow stratification (in terms of mixed layer depth and 23 depth of the thermocline; PC1: 74.92% of the total variance) whereas the concentrations of 24 silicate and nitrate, respectively, contributed more to PC2 and PC3 (11.9% and 9.72% of the 25 total variance, respectively). In ecoregion 2, a warm sea surface temperature and a high level 1 of surface oxygen contributed to PC1 (33.42% of the total variance), whereas a high 2 concentration of oxygen at 100 m and high mean chlorophyll a contributed to PC2 (25.2% of 3 the total variance). In ecoregion 6, PC1 was explained mainly by the nutrient concentration 4 (51.42% of the total variance) and PC2 by the bathymetry and the intensity of the thermocline 5 (16.12% of the total variance). 
Issues related to fisheries data 2
The longline catches that we analysed in the study cover an area from 60° S to 65° N and 3 yield the most exhaustive dataset available with respect to the spatial distribution of species of 4 tuna and billfish that are exploited commercially (Fonteneau, 1998). However, as a result of 5 the specificity of the longline method, only large individuals are caught; hence, the dataset 6 does not cover the entire population of a given species, because individuals at the earlier 7 stages of biological development will not be caught by the large hook. Indeed, the 8 appropriateness and utility of using fisheries statistics for scientific purposes is debatable, for 9 various reasons. 10 First, the data for some species may introduce bias, in that the species are considered 11 to be by-catch or reported in the category of 'others'. In the present study, to address this 12 problem, the contribution to the total CPUE and the spatial distribution of each species were 13 examined (Appendix S2). Only dominant species, which showed the highest spatial coverage 14 and contributed most to the CPUE, were used in the numerical procedure. 15
Second, fisheries statistics are often biased due to changes in the spatial distribution of 16 the fishing, as well as temporal variation. Given that fishing fleets usually explore the regions 17 with the highest abundance of targeted fish and, once a given region has been exploited 18 sufficiently, move quickly to another region to maintain optimal productivity, CPUE series Consequently, the fisheries data used in the present study cannot be used readily for 6 ecological purposes. 7
To characterize the biogeography of large pelagic species, we have proposed a new 8 CPUE index that captures the spatial distribution of the species studied over the entire period 9 of study. Over the period studied, these species were under-or fully exploited, but not 10 overexploited, and so their spatial distributions arguably were not affected by the increase in 11 pressure from fisheries. Only bluefin tuna is classified as having been overexploited: this is 12 the case for the southern bluefin tuna and the West Atlantic bluefin tuna since the late 1970s 13 and for the East Atlantic and possibly the Pacific bluefin tuna since the 1990s. Furthermore, 14
Rouyer et al. (2008) observed that the effect of changes in environmental conditions on the 15 spatial distribution of large pelagic species is detected predominantly on a time scale of 16 decades, rather than a shorter time scale; hence, long time series are required to detect long-17 term variations. The combined use of a long time period and the CPUE index allowed us to 18 estimate the complete average spatial distribution of each species over the period studied in 19 accordance with previous findings (Fonteneau, 1998) . 20
Third, commercial longline fleets from different countries do not always target the 21 same species and do not cover the same spatial area and period. To reduce this bias, only data 22 from Taiwanese and Japanese fleets were used and they were analysed separately, as 23 recommended by Rouyer et al. (2008) . In addition, both fleets were observed to change the 24 depth at which longline hooks were deployed to catch different species at the same location 25 (Maunder et al., 2006) . These changes in fishing strategy might bias the dataset by altering 1 the spatial distribution of some species and thereby affecting the outputs of the clustering 2 analysis. To minimize the effects of this potential bias, only data for the cumulative catch per 3 geographical cell for well-sampled species (dominant species, see Fig. S1 ) were considered 4 for the cluster analysis. 5
Finally, the longline dataset used in this study has a low spatial resolution (5° × 5° 6 geographical cells) and provides data on tuna and billfish which are found only rarely on 7 continental shelves. As a consequence, the results for ecoregions near coasts need to be 8 interpreted with caution. to reproduce, which explains the extension of the temperate ecoregion (Fig. 4) . 18
The last three proposed ecoregions may be found in coastal areas. Gong, 1987; Nakano et al., 1997). As a consequence, each ecoregion that represents a specific 17 community needs to be considered in three dimensions to understand fully the assemblage of 18 species. For this purpose, we propose a conceptual scheme that is based on the ecoregion that 19 predominates at each latitude (Fig. 4) The biogeographical partitioning proposed herein (Fig. 4) does not fully take into account the 2 seasonal migration of the species because some data are limited due to restrictions on the 3 access of longliners to certain areas, such as the western spawning ground of the Atlantic 4 bluefin tuna since the early 1980s. Therefore, the biogeography of large pelagic fish proposed 5 here has to be considered as an average condition over the period studied. ). However, all these studies were performed on stenoecious species, which are sensitive 11 to small changes in the environment and for which fluctuations in abundance can be attributed 12 directly to such changes (Reygondeau & Beaugrand, 2011) . The partitioning of the global 13 ocean that we report herein, which is based on the distribution of large pelagic fish, were 14 compared with the BGCPs (Longhurst, 1995) to determine the ability of the BGCPs to 15 discriminate between the spatial distributions of species at high trophic levels at the global 16 oceanic scale. The homogeneity between the spatial distribution of the BGCPs and the 17 ecoregions that we identified reached 68.8% on average (Table 2 ). This result indicates that 18 specific environmental conditions, captured by the BGCPs, partially control the spatial 19 distribution and co-presence among species of large pelagic fish. 20
The level of homogeneity between our proposed ecoregions and Longhurst's BGCPs 21 was lower in coastal provinces and higher in open ocean provinces (Table 2) . Furthermore, 22 the mean level of mismatch of 30% detected between these two schemes might be related to 23 the fact that the BGCPs have a geographical resolution of 1° × 1° whereas our ecoregions are 24 resolved at only 5° × 5°. As a consequence, many geographical cells of the ecoregions 25 identified herein might belong to two or three different BGCPs, which would lead to some 1 biogeographical boundaries being missed, moved, or diluted. The numerous biases that affect 2 commercial fisheries data might also contribute to imprecise boundaries between ecoregions, 3 for example because the longline data may lead to the spatial distribution of some species 4 being underestimated. In addition, even if Longhurst's BGCPs remain the most accepted 5 scheme of partitioning in marine biogeography, some of the boundaries that it draws may be 6 open to revision, in light of new observations made since the BGCPs model of partitioning 7 was developed (Longhurst, 1995). More recent observations might explain some of the 8 differences between our partitioning results for top predators and the BGCP, for example, in 9 the Caribbean Sea, the South Pacific subtropical gyre, the North Atlantic subtropical gyre, and 10 the monsoon band. Finally, the patterns of migration of these top predators and their 11 physiology (specifically, their capacity to thermoregulate) make them less dependent on, or 12 sensitive to, environmental variations than species at lower trophic levels. Given these 13 considerations, the strong overlap between BGCPs and the spatial distributions of large 14 pelagic fish is rather surprising. Longhurst (1995), the species studied were generally ectothermal and thus were affected more 23 directly by the local environment. In our study, the similarities identified between the 24 partitioning of the ocean with respect to top predators and the BGCP shows the strong 25 influence of the environment on the species composition and spatial distribution of apical 1 species. Therefore, BGCPs correspond to certain physical conditions (biotopes) in which 2 marine species can maintain their populations and constitute specific trophic webs. Thus, the 3 BGCPs seem to provide a geographical framework that is relevant when studying the possible 4 effects of climate change on the abundance of top predators and which will enable better 5 management and improved conservation of marine resources. Appendix S1 Characteristics of the twelve environmental factors selected. 5 6 Appendix S2 Numerical criteria of selection of dominant and secondary species. 7 8 Appendix S3 Maps of the spatial distribution of each group for the six cut-off levels selected 9 by the NPPEN procedure, and map of the BGCPs proposed by Longhurst (1995). 10
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As a service to our authors and readers, this journal provides supporting information supplied 12 by the authors. Such materials are peer-reviewed and may be re-organized for online delivery, 13 but are not copy-edited or typeset. Technical support issues arising from supporting 14 information (other than missing files) should be addressed to the authors. Materials and Methods for details). The clustering analysis (step 2) is shown in detail in Fig.  4 2. A map of the probability of occurrence of each group cited in step 3 is shown in Fig. 3 for 5 all groups at cut-off level VI. A map of the ecoregions obtained with the maximal probability 6 (step 4) is shown in Fig. 2 The annotation '+' denotes a high value and '-' a low value of the environmental parameter. 6
The radar plots are on a log 10 scale. The dominant species and secondary species of each 7 community detected are annotated on the plot. Each species code corresponds to a species 8 name in Table 1 . The environmental factors are annotated on the figure using acronyms (see 9 Appendix S1): SST= sea surface temperature; SSS = sea surface salinity; MLD= mixed layer 10 depth; IT= intensity of the thermocline; ZT= depth of the thermocline; std= standard 11 deviation; Oxygen 100m = Oxygen at 100m. 12 1 Figure 5 Conceptual scheme of the spatial distribution of each ecoregion as a function of 2 latitude and depth. The figure was produced using the ecoregion that predominates at each 3 latitude (Fig. 4) 
